We fabricated amorphous InGaZnO thin film transistors (a-IGZO TFTs) with aluminum oxide (Al 2 O 3 ) as a gate insulator grown through atomic layer deposition (ALD) method at different deposition temperatures (T dep ). The Al 2 O 3 gate insulator with a low T dep exhibited a high amount of hydrogen in the film, and the relationship between the hydrogen content and the electrical properties of the TFTs was investigated. The device with the Al 2 O 3 gate insulator having a high H content showed much better transfer parameters and reliabilities than the low H sample. This is attributed to the defect passivation effect of H in the active layer, which is diffused from the Al 2 O 3 layer. In addition, according to the postannealing temperature (T post-ann ), a-IGZO TFTs exhibited two unique changes of properties; the degradation in low T post-ann and the enhancement in high T post-ann , as explained in terms of H diffusion from the gate insulator to an active layer.
Introduction
Amorphous oxide semiconductors (AOSs) have been studied intensively as active channel layers for thin lm transistors (TFTs) for next-generation displays owing to their scalability and high mobility. Generally, Zn-based AOSs are n-type semiconductors with mobility levels proportional to the carrier concentration.
1 Among the various AOSs, In-Ga-Zn-O (a-IGZO), which is the best known composition, can exhibit a wide range of electron densities (N e ) ranging from 10 11 to 10 19 cm À3 .
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Although a higher N e is preferred for high mobility, this value must be carefully controlled because an a-IGZO TFT for which N e is too high cannot be turn-off. In a-IGZO lms, various intrinsic defects such as metal/oxygen vacancies and interstitials exist, and they mainly determine the electrical properties of the oxide TFT. Many studies have been conducted in an effort to reveal the effects of such defects on a-IGZO TFTs, and it is accepted that oxygen vacancies (V O ) serve as shallow donors in a-IGZO lm and as a source of free carriers, while weakly bonded O acts as an electron trapping center. 1,2 Therefore, controlling O in a-IGZO lm is a key factor to optimize the electrical property of the TFT.
In addition to such intrinsic defects, hydrogen, as an impurity, can also affect the electrical properties of a-IGZO TFTs. Generally, it is known that hydrogen in crystalline-oxide semiconductors (e.g., c-ZnO and c-In 2 O 3 ) acts as a source of high conductivity. [3] [4] [5] [6] Hydrogen in ZnO can exist in the form of interstitial H (H i ) bonded with an oxygen atom and substitutional H (H O ) located at an oxygen site. In both cases, positive charge states (H i + and H O + ) are stable and act as a shallow donor in ZnO. Likewise, in a-IGZO, the role of hydrogen is mainly understood as a shallow donor, generating free carriers. It was revealed that the a-IGZO lm itself has a high-density of hydrogen of 10 20 to 10 21 cm À3 . 7 Because excess H in an a-IGZO layer can lead to difficulty related to the control of V on in the TFT, unexpected H should be avoided.
Recently, in several in-depth studies of H in oxide TFT, various effects were reported. Nomura et al. reported that all of H do not increase the conductivity of a-IGZO lm due to the compensation of the free electrons by excess oxygen. 7 Furthermore, an interesting role of H was reported in terms of defect passivation. Tsao et al. and Hanyu et al. reported an improvement in the transfer characteristics of a-IGZO TFTs when H was incorporated during active layer deposition and a postannealing process, respectively. 8, 9 In addition, a benecial effect of hydrogen on the reliability of a-IGZO TFTs was reported. 10, 11 However, the opposite effects of hydrogen, where it generates defect states and induces instability during photobias stress, were also reported.
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As described thus far, the role of H in a-IGZO TFTs remains unsolved. In addition, the difficulty in precise control of H in a-IGZO TFT makes the problem more difficult. Because H can be easily incorporated and/or diffused into the a-IGZO layer during the fabrication of TFT devices, an experimental design capable of revealing the role of H in a-IGZO TFT is not straightforward. Specically, SiO 2 and SiN x layers, which are widely used as gate insulators or passivation layers, are deposited through a plasma-enhanced chemical vapor deposition (PE-CVD) process, which can induce too much hydrogen in the lm, complicating the proper control of H. 11, 16, 17 To solve this problem, an Al 2 O 3 layer can be used due to its excellent diffusion barrier property against hydrogen. 12, 18 In addition, Al 2 O 3 is usually deposited through the atomic layer deposition (ALD) method, and the H concentration in Al 2 O 3 can be controlled by the deposition temperature.
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In this work, the effects of H on the characteristics of a-IGZO TFT with Al 2 O 3 as a gate insulator were examined. The amount of H in the Al 2 O 3 layer was controlled by varying the deposition temperature (T dep ) used during the ALD method. Additionally, pre-annealing of the Al 2 O 3 gate insulator was applied to control the H content in the lm. The transfer parameters of a-IGZO TFTs such as the hysteresis, sub-threshold swing (S.S.) and mobility were then studied in relation to the H content in the Al 2 O 3 gate insulator. In addition, according to the postannealing temperature (T post-ann ), certain changes in the transfer parameters were investigated with regard to H diffusion in an a-IGZO TFT. The results showed that the amount of H in an active channel can easily be changed, and this amount determines the electrical properties of a-IGZO TFTs, including their reliability under bias temperature stress.
Experiment
An amorphous indium-gallium-zinc oxide (IGZO) TFT with a bottom gate bottom contact (BGBC) structure was fabricated, the schematic experimental ow of which is shown in Fig. 1 In addition, the FT-IR microscope (HYPERION 3000, Bruker Optiks) was also used with attenuated total reectance (ATR) mode. Chemical composition was examined by XPS (K-alpha, Thermo VG Scientic). The data were collected aer Ar sputtering for 15 s in an ultra-high vacuum (base pressure of $10 À9 torr). For the calibration, the Ar 2p peak of 241.9 eV was used. The electrical properties of the Al 2 O 3 gate insulators and a-IGZO TFTs were measured using an Agilent 4284A precision LCR meter and B4156A semiconductor parameter analyser with a probe station.
Results and discussion
3.1. Characteristics of the ALD-Al 2 O 3 gate insulator deposited at temperatures of 150 C and 300 C First, to reveal the amount of hydrogen of the Al 2 O 3 depending on T dep , a SIMS analysis was conducted with the T dep ¼ 150 C and 300 C lms. These results are shown in Fig. 2 (a). The SIMS spectra clearly show a difference in the H content on the lms; more H with a lower T dep for the Al 2 O 3 lm was noted. This result can be easily understood by considering that, during the ALD process, the growth of the Al 2 O 3 layer is mainly governed by the deposition temperature (T dep ). Generally in ALD, a higher value of T dep leads to a lower growth rate and denser lm. The residual H in low temperature ALD-Al 2 O 3 growth occurs as a result of the incomplete removal of the hydroxyl group during the surface reaction. A high T dep can facilitate a full sub-reaction between the chemisorbed Al-OH precursor and the gas phase was observed in the region of 400-1000 cm À1 . The broad absorption peak in the range of 3000-3500 cm À1 is related to -OH bond stretching vibrations, and this peak was also observed in both Al 2 O 3 lms. This result clearly demonstrates that H mainly exists in the form of hydroxyl groups (-OH) in Al 2 O 3 . In addition, the Al 2 O 3 lm with T dep ¼ 150 C showed a higher -OH peak intensity, in good agreement with the SIMS result ( Fig. 2(a) ). The basic characteristics of the ALD-deposited Al 2 O 3 gate insulator layers, i.e. the dielectric constant (k) and the chemical composition, including the amount of H, were then examined. Using ITO/Al 2 O 3 /ITO (MIM) devices annealed at a temperature of 350 C, the dielectric constants (k) were extracted. The measured frequency of the capacitance-voltage curves was 1 MHz, and the size of the measured square pad was 300 Â 300 mm. The HH-(high hydrogen for
and LH-(low hydrogen for T dep ¼ 300 C) Al 2 O 3 layers showed k values of 7.67 and 7.76, respectively, as shown in Fig. 2 Here, it should be noted that the SiO 2 passivation layer was deposited at 300 C. The H which diffuses from the Al 2 O 3 gate insulator passivates the defects in the a-IGZO lm and improves its TFT properties, as reported in a number of studies. [8] [9] [10] The improvements of the S.S. value and mobility are mainly related to the electron trap sites, which indicates that the devices with higher H concentrations have fewer electron traps in the a-IGZO channel. 9 In addition, several shallow trap sites located in the gate insulator, generated from the plasma during the a-IGZO deposition step, can also be passivated by H, resulting in an improvement of the hysteresis. Additionally, interesting behaviors of the transfer parameters of a-IGZO TFTs were observed according to post-annealing temperature. First, in the high T post-ann (300-400 C) case, the transfer parameters were dramatically improved. Specically, this outcome was observed in the LH devices. The LH a-IGZO TFT showed hysteresis of 11.25 V, S. On the other hand, in the a-IGZO layer, the amount of H increased. This result strongly suggests that H in the Al 2 O 3 layer diffuses into the a-IGZO layer, with this causing the passivation of the defects in the a-IGZO layer. Although the Al 2 O 3 layer is known to be an excellent H diffusion barrier, the effusion of H can take place within several nano-meters of alumina during high temperature annealing at about 400 C. 25, 26 It is believed that the amount of H which diffused is small because the turnon voltage (V on ) of the a-IGZO TFT was kept at 0 V during the 400 C annealing process. Here, it is noted that H in the SiO 2 passivation layer can also diffuse during the annealing and affect the electrical properties of the a-IGZO TFTs. In the SIMS results, the decreased H intensity in passivation layer (SiO 2 ), however, was observed in the surface rather than the inner region of SiO 2 layer. This indicates that H mainly diffuses toward out to the surface. This could be because the annealing was conducted in a vacuum condition. On the other hand, in the range of low T post-ann (200-250 C), the a-IGZO TFTs showed more deteriorated transfer curves compared to those of the as-fabricated devices, exhibiting larger hysteresis and lower mobility levels. For the LH device, the hysteresis and S.S. value increased to 11.25 V and 0.3 V dec À1 aer annealing at 250 C from 8 V and 0.18 V dec À1 (in the as-fabricated case), respectively. The mobility also decreased to 1.5 cm 2 V À1 s À1 from 3.95 cm 2 V À1 s À1 . The results can be explained by the de-passivation effect of H in the a-IGZO layer through the PECVD SiO 2 passivation lm during the post-annealing step. The as-deposited a-IGZO layer contains a large amount of H itself, which is incorporated during the deposition process. 15 This H can passivate some defect states in the a-IGZO lm. However, a heat-treatment could lead to the de-passivation of H, generating new defect states in the a-IGZO layer. Previously, Hanyu et al. reported a similar de-passivation effect of hydrogen with dry-O 2 annealing at T post-ann ¼ 400 C with a-IGZO TFTs without a passivation layer. 9 In this work, however, it starts at a much lower temperature of about 200 C; we think that this is attributed to the difference in the device structures and the annealing atmospheres (in this work, a SiO x passivation layer and vacuum annealing were used). Actually, Noh et al. reported a simulation result which indicates that H O (H occupies the oxygen vacancy site, H i + V O ) decreases rapidly past an annealing temperature of 180 C.
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Here, it should be noted that the H diffusion effect from the Al 2 O 3 to the a-IGZO during T post-ann ¼ 200-250 C is minimized due to the pre-annealing process of the Al 2 O 3 gate insulator at 250 C. As displayed in Fig. 1 , during the fabrication process, there is a pre-annealing step for ITO/Al 2 O 3 /ITO samples at 250 C in a vacuum for 2 h to improve the ITO quality. During this pre-annealing step, the H in the Al 2 O 3 layer is effused to a vacuum beforehand, as this step is performed without an a-IGZO layer. Therefore, aer the nal fabrication of the a-IGZO TFTs, post-annealing below 250 C can serve only a limited amount of H from the Al 2 O 3 to the a-IGZO layer. Therefore, for the HH-device shown in Fig. 3 , the transfer parameters were greatly improved not at T post-ann ¼ 200 C, but at 300 C.
In addition, the effect of H on the stability was investigated under negative and positive bias temperature stress (NBTS and PBTS, respectively). Gate bias (V g ) levels of À20 V and +20 V were applied at a temperature of 60 C for 10 000 s for NBTS and PBTS, respectively, using an a-IGZO TFT which was postannealed at 350 C. This result is shown in Fig. 5 . In the NBTS condition, both devices (HH-and LH-) showed excellent stability, exhibiting V on shi values of +0.3 and +1 V, respectively, compared to those of the PBTS condition. This is attributed to the fact that there was a small hole in the a-IGZO lm which can be trapped when in the NBTS condition. In contrast,
V on was greatly shied by +4.9 and +15.1 V aer PBTS for the HH-and LH-devices, respectively. From the parallel shi of the transfer curve without any degradation of the S.S. value, it is suggested that the main reason for the V on shi in the PBTS condition is related to the trapping of electrons in the trap sites located in the a-IGZO and/or at a-IGZO/Al 2 O 3 interface. 27 During the a-IGZO deposition process, damage at the surface of the gate insulator can be induced by the negative oxygen ion bombardment. This results in a high density of states for electron trapping which becomes more severe upon a higher level of PO 2 .
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In this work, a relatively high level of PO 2 (40%) was used, which would lead to poor stability against PBTS. In addition, the PE-CVD process for the SiO 2 passivation layer generates excess oxygen in the a-IGZO lm, resulting in oxygen interstitial (O-O i ) related states. 29 These O i defects easily capture electrons and act as electron traps, resulting in positive shis of V on under positive-bias stress condition. 23, 30 To achieve better stability of the a-IGZO TFTs, an a-IGZO layer with the low PO 2 condition and/or a protective layer such as ALD-grown Al 2 O 3 would be introduced. 28 Though both devices showed poor PBTS stability, it is clear that the HH-device is more stable than the LH-device. This result suggests that the defect passivation effect of H is still valid with regard to PBTS stability for the suppression of electron trap sites.
In addition to the annealing temperature, annealing time can also affect the electrical property and stability of the a-IGZO TFTs. To examine the effect of annealing time, we increased annealing time to 4 h and 6 h for HH-and LH-devices at 350 C, and results are shown in Fig. S3 and S4 . † For the HH-device, the transfer curves showed similar parameters according to annealing time. On the other hand, the LH-device exhibited improved transfer characteristics showing smaller hysteresis and higher mobility as annealing time increased. In the PBTS results, HH-and LH-device showed smaller V on shi of +1.54 V and +6.16 V, respectively, aer longer annealing process of 6 hours. This results suggest that H continues to diffuse into the active layer from the Al 2 O 3 layer and passivate defects in the active layer and/or interface between the gate insulator and active.
3.3. Changes in the electrical properties of the a-IGZO TFT with an ALD-Al 2 O 3 gate insulator for T dep ¼ 150 C (HH) depending on the pre-annealing temperature (T pre-ann )
As noted above, during the fabrication process of the a-IGZO TFT, there is a pre-annealing step of the Al 2 O 3 layer at 250 C which affects the evolution of the transfer parameters according to T post-ann due to H effusion. To investigate this approach further, we increased the pre-annealing temperatures to 300 C and 350 C from 250 C in the HH-device. Summary plots of the transfer parameters, in this case the hysteresis and S.S., are shown in Fig. 6 (a) and (b), respectively (see Fig. S5 , S6 and Table  S2 for details †). The result for the HH-device with T post-ann ¼ 250 C is also displayed for comparison as a reference result.
The result clearly showed behaviors identical to those discussed above. First, when T pre-ann is increased, the devices showed more deteriorated transfer characteristics in the as- fabricated and low T post-ann condition. This results suggest that supply of H from the Al 2 O 3 layer to the a-IGZO is decreased as T pre-ann is higher. During the pre-annealing step of the Al 2 O 3 layer at the high temperatures of 300 and 350 C, H is more readily diffused out to a vacuum than 250 C. Therefore, only a little amount of H can diffuse into the active layer during postannealing, and it leads to poor transfer curves. In addition, past T post-ann ¼ 250 C, the T pre-ann ¼ 300 and 350 C devices showed worse hysteresis and S.S. values compared to those of the asfabricated samples. This behavior is identical to that in the LH-devices (see Fig. 3 ), which have less H in the Al 2 O 3 , and it is related to the de-passivation of H in the a-IGZO layer. This nonpassivation effect became more severe as T pre-ann was increased because H was more effectively effused and could not be supplied to the active layer. However, when the devices were post-annealed at a higher temperature than T pre-ann , the transfer characteristics were fully recovered to a level similar to those of the reference devices. The T pre-ann ¼ 300 and 350 C devices showed the recovery of the transfer parameters at T post-ann ¼ 350 and 400 C, respectively. These outcomes indicate that H can be diffused and passivate defects in the a-IGZO layer when annealing takes place at a higher T post-ann than T pre-ann . The PBTS stability was also measured aer T post-ann ¼ 400 C, and the result is shown in Fig. 6(c) . Although both devices with T pre-ann ¼ 300 and 350 C showed transfer curves similar to those of the reference sample, the PBTS test showed quite different result. Compared with the DV on of +4.8 V for the reference, the T pre-ann ¼ 300 and 350 C devices showed large DV on values of 6.58 and 9.8 V, respectively. These results indicate that, even though defect passivation effect of H can effectively improve the transfer characteristics, there still appears to be other deep traps in the gate insulator.
Conclusions
In summary, we performed experiments to reveal the effect of hydrogen diffusion on a-IGZO TFTs with Al 2 O 3 gate insulator. The device with a high level of H in the Al 2 O 3 exhibited excellent properties, including transfer parameters and bias temperature stabilities as compared to sample with low H levels. The SIMS results showed that H in the Al 2 O 3 layer was diffused into the a-IGZO layer aer post-annealing at 400 C,
suggesting that H has a benecial effect on the TFT properties in terms of defect passivation. On the other hand, at a low post-annealing temperature (200-250 C), the devices showed more deteriorated transfer curves compared to those before annealing. This is explained by the effusion of H in the a-IGZO layer through the SiO 2 passivation layer in terms of depassivation of H. Additionally, the H contents in the Al 2 O 3 layer were controlled by varying the pre-annealing temperature, and the defect passivation and de-passivation effects of H were examined in greater depth.
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